ABSTRACT: A finite element model has been developed to simulate an innovative laser rapid prototyping process. Several numerical developments have been implemented in order to simulate the main steps of the rapid prototyping process: injection, heating, phase change and deposit. The numerical model also takes into account different phenomena: surface tension in the liquid state, asborptivity and plasma effects during material-laser interaction. The three-dimensional model is based on the lagrangian approach used in the Forge® finite element software. The thermal model coupled with material-laser model is compared and gives good agreements. Simulations of the rapid prototyping are compared with experimental results.
INTRODUCTION
The laser rapid prototyping process by fusion wire deposit is a solid freeform fabrication method. This process uses additive part from the wire. The successive fusion wire deposit will allow building product with complex geometries. This rapid prototyping process is a new concept to create metal prototypes. The innovation comes from the deposition of a wire melted by laser during the injection of the metal wire. This rapid prototyping enables to create more complex products than the ones crated by metal powder rapid prototyping. The laser rapid prototyping by fusion wire deposit, as shown in Figure 1 , is composed of: CO2 laser which is characterised by doughnut mode several mirrors to focus the laser on the metal wire substrate which moves on all directions injection tool to add the metal wire The process takes place as follows. First, the solid metal wire is injected continuously. The wire is heated and melted during laser interaction. The melted material is then laid on the substrate. Finally, the material adheres and solidifies on the substrate by cooling. Different phenomena are observed during the process: thermal, mechanical, metallurgical and optical effects. Numerical developments have been carried out in order to simulate different stages and phenomena of the process; they are integrated on thermomechanical finite element model by coupling mechanical model, thermal model and material-laser interaction model.
MECHANICAL MODEL

CONTINUITY EQUATION
The physical model is first based on the equilibrium (1) and incompressibility (2) equations:
Where σ denotes the stress tensor, v the velocity vector, ρ the density and g the gravity
PHASE CHANGE
The solid liquid phase change takes place in the process when the wire is melted by the laser. This phase change is modelled by a rheology transition in the numerical model as presented in Figure 2 where K is the viscoplastic consistency, ε & is the equivalent Von Mises strain rate, m is the strain rate sensitivity, ε is the equivalent von Mises strain, n is the strain hardening coefficient and 0 σ is the yield stress. The change takes place according to criteria (6) and (7) based on the averaged temperature on mesh element elt T :
For the liquid state, a Newtonian behaviour is considered:
NUMERICAL INJECTION
To avoid an important computation time and cost in memory, the input of the wire is modelled by a continuous inflow of material. The injection is done on a section of the wire. Both experimentally and numerically, the injection condition is located far enough from the phase change and the critical heating effect. The volume of the part increases, but during calculation at any time step, the volume is kept constant to comply with the hypothesis of incompressibility [3] . In lagrangian formulation, the point coordinates x of mesh are moved with eulerian actualisation:
A velocity value is prescribed for all points of the section where the wire is injected; this value of speed is a process parameter. The displacement is then the same for the points localised before the section. For each time step, all points locations are actualised with the calculated velocity, except for points located on the injection section.
SURFACE TENSION
In the rapid prototyping process, the wire is laid on the metal substrate at liquid state. The effect of surface tension appears during the liquid state and drives the shape of the deposit on the substrate. The numerical model takes into account the surface tension in the lagrangian formulation. The surface tension is a normal stress to the liquid surface, and following pressure condition must be satisfied: κγ
where κ is the free surface curvature and γ is the surface tension coefficient. In a weak formulation, the Laplace-Beltrami operator is used to estimate the curvature [4] :
And the tangential gradient is expressed to formulate the weak formulation of the mechanical problem [5] :
So the weak formulation on the free surface Γ and on triple line Γ ∂ is:
For points located on the triple line, the effect of wetting angleθ is modelled as follow:
THERMAL MODEL
In the rapid prototyping process, the laser beam energy is absorbed on the surface and heat is conducted into the material. The power density of the laser beam makes the melting and vaporisation of the metal possible.
HEATING
The heat conduction equation is coupled with the mechanical equations. The dissipated power is taken as source term of the heat conduction equation:
Convection of melted material is neglected due to the minimal thickness of the liquid layer. The heat flux is the heat source created by the laser beam:
As mentioned for the mechanical model, parameters as conductivity k and specific heat capacity c p depend on temperature.
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MELTING
The melting phase transition can be approximated by considering the heat loss of melting through a change in the specific heat. Enthalpy method is used for latent heat. The modification of the specific heat capacity is expressed with the liquid mass fraction f L and the latent heat of fusion H L :
The liquid mass fraction can be approximated by:
VAPORIZATION
The vaporisation can be estimated by the energy losses induced by vaporised material. The energy losses by vaporisation can be included in the boundary condition defined by the surface flux of heat:
The vaporisation is modelled by heat losses on the surface irradiated by the laser. The model describes the relation between surface temperature and latent heat of vaporization [6] :
MATERIAL-LASER INTERACTION MODEL
The material-laser interaction model is limited to a continuous wave CO2 laser and a metal target. Those limitations are important because the associated wavelength λ and the nature of the material heated by the laser generate special effects and mechanisms.
LASER HEAT FLUX
The main coupling between material-laser model and thermal model is the expression of the laser heat flux. The power density of the laser beam is described by a specific formulation. Indeed the CO2 laser is characterised by the doughnut mode. The mirror focuses the beam on the metallic substrate and the wire is injected in the centre of the beam. The power density of the laser beam decreases when the distance to focal plane increases as shown in Figure 3 . At the focal plane level, the intensity of the laser is a Gaussian. And parameters which characterise the intensity are the power P 0 and the radius r 0 :
Equation (22) takes into account the doughnut modewhile the radius r(z) at a distance to focal plane depends on the Rayleigh distance z R (23).
ABSORPTIVITY
The absorptivity is a material parameter that quantifies the laser energy absorbed on the surface of the material. The absorption coefficient is neglected because of the weak penetration of the laser inside the metal. It is then acceptable to consider that the laser interacts on the surface metal target only. The absorptivity can be expressed by the Bransom model [7] , which links absorpitvity ) (T α with resistivity ) (T r and laser wavelength λ : ( ) ( )
4.3 PLASMA At the substrate laser interaction level, vaporised material ionizes to form plasma. In the case of infrared laser beams, the dominant absorption mechanism in plasma is inverse bremsstrahlung mechanism [8] . The plasma model takes into account the mechanism of plasma absorption BI α and the effect of irradiation due to the high temperature of the plasma.
On the area of material-laser interaction, when the temperature of mesh point exceeds the boiling temperature, the heat flux at this point changes as follows: 
RESULTS
Thermal results
The temperature is measured by using thermocouples located at 3mm of the surface of the laser heated plate. Laser powers of 300W and 2500W have been used. The plate is placed at focal plane. Two levels of modelling are studied, considering the presence or not of plasma during laser impact. The first curve in Figure 4 , shows the pertinence of the thermal model coupled for lowers intensities. An evaluation of absorptivity for temperatures greater than fusion temperature has been necessary because the limitation of the Bransom model (25) to solid state. For the second curve in Figure 4 , parameters of the plasma model described in (26, 27 and 28) have been estimated. in order to give the best correlation. 
First simulation of process
The simulation of this laser rapid prototyping can predict a critical phenomenon which appears in the experimental process: the drop formation as shown in Figure 5 . The thermomechanical model coupled with materiallaser interaction provides a simulation which describes the main steps and effects of process.
CONCLUSIONS
A thermomechanical finite element model has been developed to simulate the laser innovative rapid prototyping process. The mechanical model takes into account the phase change, material injection and surface tension at liquid state. The coupling with thermal model takes into account fusion and vaporisation effects. The thermomechanical model is completed by coupling with material-laser interaction. The laser is considered as a surface heat source. And interaction effects are modelled by absorptivity of material, plasma absorption and temperature. This numerical model has been implemented in order to calibrate and optimize the process that is, at the moment, under development and validation.
